Abstract: Acute graft-versus-host disease (aGVHD) remains a significant cause of morbidity and mortality after allogeneic hematopoietic stem cell transplantation. Infections may coexist and in certain circumstances aggravate aGVHD. It was described that type 1 as well as type 2 cytokines are important mediators of aGVHD. We measured spot-forming cells (SFCs) for interferon (IFN)-Ȗ, interleukin (IL)-4, IL-10, and IL-17 in unstimulated peripheral blood from 80 patients with hematological disorders who underwent allogeneic hematopoietic stem cell transplantation by using the enzyme-linked immunospot (ELISPOT) assay that reflects the ongoing in vivo immune status. A serial monitoring showed that both type 1 and type 2 cytokine SFCs were correlated with aGVHD activity. The numbers of IFN-Ȗ and IL-4 SFCs in patients with grade II-IV aGVHD were significantly higher than those in patients with grade 0 and/or I aGVHD. Elevation of IFN-Ȗ and IL-4 SFCs was significantly correlated with the severity of aGVHD, but not with infection itself, e.g., cytomegalovirus infection. Cytokine SFCs are clinically relevant biomarkers for the diagnostic and therapeutic evaluation of aGVHD and concurrent infection.
Introduction
Acute graft-versus-host disease (aGVHD) remains a potentially fatal complication of allogeneic hematopoietic stem cell transplantation (HSCT). Susceptibility to infection has posed one of the most formidable obstacles in the clinical management of patients undergoing allogeneic HSCT especially from the preengraftment to the immediate postengraftment periods [1] . In addition, infections may aggravate aGVHD after allogeneic HSCT [2] . aGVHD is initiated by the action of donor-derived T cells which have been suggested to polarize into type 1 T cells after being stimulated with interleukin (IL)-12 from antigen-presenting cells [3] . The balance between type 1 cytokines and type 2 cytokines is hypothesized to govern the extent to which all cell-mediated immune responses and inflammatory responses develop after allogeneic HSCT.
So far, great attention has been paid to the detection of aGVHD before and after HSCT. Some serum markers, such as the levels of tumor necrosis factor-D, soluble Fas, IL-2RD, IL-8, IL-10, hepatocyte growth factor, and CCL8 ҏ have been reported to be useful indicators of aGVHD [4] [5] [6] [7] [8] . Polymorphism of the IL-10 gene [9] and transforming growth factor ß1 gene [10] are associated with aGVHD. Cytotoxic T lymphocyte precursor (CTLp) and helper T lymphocyte precursor (HTLp) frequency analysis has been shown to predict aGVHD [11] . On the other hand, failure to detect these cytokines in the serum has also been reported [4] . aGVHD was not differentiated from infection or fatal complications by the assessment of cytokines [12] . CTLp and HTLp frequency analysis has been reported to be not necessarily for predicting aGVHD [13] . Thus, there are contradictory results among these reports and there still remain problems with attempts to use these parameters as reliable and sensitive biomarkers of aGVHD.
Enzyme-linked immunospot (ELISPOT) assay may circumvent the limitations described above. ELISPOT assay permits the ex vivo identification of cells actively secreting cytokines. In fact, Tanguay et al. reported high specificity combined with 10-200 times higher sensitivity than that of conventional ELISA [14] . However, there are some disadvantages of the ELISPOT assay. It is not able to detect simultaneous multiparametric measurement unlike intracellular cytokine staining (ICS) unless cell-specific separations are performed before the assay. It takes 1-2 days for incubation and counting. On the other hand, ICS also has disadvantages that include lower sensitivity than ELISPOT assay and the requirement for in vitro stimulation, indicating that ICS detects synthesized but not secreted cytokines [15] . Nevertheless, an important advantage of ELISPOT assay is that it is a direct measurement of a type 1 and type 2 cell-mediated immune response.
Given the central role of alloreactive T cells as aGVHD effector cells, we hypothesized that circulating cytokine spot-forming cells (SFCs) could be biomarkers of aGVHD. Therefore, we measured cytokine SFCs after the emergence of aGVHD, with the rationale that cytokine SFCs by ELISPOT assay may reflect the ongoing in vivo immunological status after transplantation. In this study, we used the ELISPOT assay to detect and enumerate cells producing IFN-Ȗ and IL-4 to evaluate the influence of type 1 and type 2 T-cell cytokines during infections and/or aGVHD.
Materials and Methods

Patient Characteristics
Eighty patients who underwent allogeneic HSCT between 1996 and 2010 were included in this study. Twenty-six patients received bone marrow from unrelated donors, 34 patients received bone marrow from related donors, 9 patients received peripheral blood stem cell from related donors, and 11 patients received cord blood from unrelated donors. Patients' demographics are shown in Table 1 . Underlying diseases were acute lymphoblastic leukemia (n = 21), acute myeloid leukemia (n = 21), chronic myeloid leukemia (n = 11), aplastic anemia (n = 12), myelodysplastic syndrome (n = 4), malignant lymphoma (n = 5), advanced neuroblastoma (n = 4), and others (n = 2; Kostmann syndrome and Wiskott-Aldrich syndrome). In human leukocyte antigen (HLA) mismatched transplants (4/6, 3/6), stem cell source was cord blood, resulting in grade 0-I aGVHD. The mean age of the patients was 14.8 years (range, 1-61). 
Evaluation of Events and Sample Collection
aGVHD was proved histopathologically by biopsy. The grading of aGVHD was determined according to clinical criteria [16] . Cytomegalovirus (CMV) infection was diagnosed on the basis of clinical symptom, histopathology, and antigenemia [17, 18] .
Peripheral blood samples were collected from patients at 3 (early engraftment period), 6, and 10 (late engraftment period) weeks after transplantation. Informed consent was obtained from all participants and approval for the study was obtained from the institutional ethics committee review board. Peripheral blood mononuclear cells (PBMCs) were separated from heparinized peripheral blood using Ficoll-Hypaque density gradient centrifugation.
ELISA
Plasma IFN-J, IL-4, and IL-10 (BD Pharmingen, San Diego, CA) were measured using ELISA kits according to the manufacturer's instructions as described previously [19] . The detectable levels of IFN-J, IL-4, and IL-10 were all > 4 pg/mL.
ELISPOT Assay
ELISPOT assay was undertaken as described previously [20] . Briefly, ELISPOT plates (Millipore Corp., Bedford, MA, USA) were coated with anti-human IFN-Ȗ, IL-4 (Mabtech AB, Stockholm, Sweden), IL-10, or IL-17 (BD Pharmingen, San Diego, CA, USA) monoclonal antibody overnight at 4 °C. The plates were washed three times and incubated for 2 h with RPMI-1640 containing 10% fetal bovine serum. Freshly isolated, unstimulated PBMCs were added at the concentration of 50,000 cells per well. As a positive control, PBMCs were stimulated with Phorbol 12-myristate 13-acetate (PMA) (100 ng/mL) and Ionomycin (1 μg/mL) (Sigma-Aldrich, Tokyo, Japan). The plates were incubated for approximately 40 h at 37 °C and 5% CO 2 in a humid atmosphere. The cells were removed and the plates were developed with a second biotinylated monoclonal antibody to human IFN-Ȗ, IL-4 (Mabtech AB), IL-10, or IL-17 (BD Pharmingen), then washed six times. The plates were developed with streptavidin-alkaline phosphatase and colorimetric substrate (Mabtech AB). The number of resulting spots was counted with an ImmunoSpot Analyzer using acquisition and analysis software (Carl Zeiss, Tokyo, Japan). Data were obtained from triplicate samples and standard error was less than 10%.
Statistical Analysis
Data are presented as means r standard deviations (SD). Student's t-test was used for analysis. Fisher's exact test, Mann-Whitney test, and Kruskal-Wallis test were used for contingency table analysis. P-value less than 0.05 was considered statistically significant. All statistical analyses were performed using Statview Version 5.0 (SAS Institute Inc., Cary, NC, USA).
Results
Spot-Forming Cells in Patients Who Underwent Allogeneic HSCT
To evaluate the influence of SFCs on aGVHD, we measured the numbers of SFCs for IFN-Ȗ, IL-4, IL-10 and IL-17 in unstimulated PBMCs of 49 patients with grade 0 aGVHD, 14 patients with grade I, and 17 patients with grade II-IV at 3, 6, and 10 weeks after transplantation. In the total 196 samples, as shown in Figure 1 , IFN-Ȗ and IL-4 SFCs at 3, 6, and 10 weeks after transplantation in patients with grade II-IV aGVHD were significantly higher than those in patients with grade 0 and/or I aGVHD. There were no significant differences in IL-10 and IL-17 SFCs among grade 0, I, and II-IV aGVHD, although IL-10 SFCs in grade II-IV aGVHD were elevated at every point after transplantation. These results indicate that not only type 1 (IFN-Ȗ), but also type 2 (IL-4) SFCs were involved in aGVHD following HSCT. Therefore, enumeration of type 1 and/or type 2 cytokine SFCs in PBMC samples with patients after transplantation is a good indicator for evaluating aGVHD. Based on the cut-off value for IFN-Ȗ SFCs, the true-positive rate was 97% (44/45 samples) during aGVHD in patients with grade I-IV aGVHD and the false-positive rate was 16% (25/151 samples) in patients with grade 0 aGVHD. With regard to IL-4 SFCs, the true-positive rate was 91% (41/45 samples) and false-positive rate was 23% (33/140 samples) in patients with grade 0 aGVHD.
Next, we analyzed the number of cytokine SFCs according to the severity of aGVHD. The number of SFCs for IFN-Ȗ and IL-4, but not IL-10 and IL-17, significantly increased along with the higher grade of aGVHD (Figure 2) . Thus, these results suggest that both type 1 and type 2 cytokine contribute to aGVHD. 
Plasma Cytokine Levels in Patients Who Underwent Allogeneic HSCT
The plasma levels of IFN-Ȗ, IL-4, and IL-10 were measured in 26 patients with grade 0 and 18 patients with grade I-IV aGVHD at 3, 6 and 10 weeks after transplantation (data not shown). No statistical differences in these cytokine levels were observed between the patients with grade 0 and with grade I-IV aGVHD. IFN-Ȗ was detected in 3 out of 18 patients (16%) with grade I-IV aGVHD. Similarly, IL-4 and IL-10 were detected in 5 of 17 (29%) and 8 of 13 (61%) patients with grade I-IV aGVHD, respectively. Thus, the detection rates were relatively low for all cytokines. These results indicate that measurement of plasma cytokine may not be a useful indicator of aGVHD.
ELISPOT Assay Discriminates aGVHD from Infection
CMV-specific immunodeficiency may persist for 3 months after HSCT [21] . CMV viremia, quantitative pp65 antigenemia, and DNA load are risk factors for the development of CMV disease, independent of aGVHD [22] . It is often difficult to differentiate CMV infection from aGVHD when they coexist. We have shown two cases developed in comparative course (Figure 3) . A 16-year-old male patient (UPN#51) with acute lymphoblastic leukemia developed stage 3 skin rash on day 34 after HSCT, which was accompanied by stage 2 diarrhea. He had mild elevation of transaminases and positive CMV antigenemia. The level of IFN-Ȗ and IL-4 SFCs increased along with the increased level of diarrhea. On day 50, intestinal biopsy proved the presence of aGVHD. In contrast, a 10-year-old male patient (UPN#70) with chronic myelogenous leukemia developed stage 3 diarrhea on day 38 after HSCT. He had mild elevation of transaminases and positive CMV antigenemia. The level of IFN-Ȗ and IL-4 SFCs did not increased during diarrhea. On day 55, intestinal biopsy proved enteritis with CMV inclusion bodies, but not any apoptotic bodies of crypt. Thus, those representative cases demonstrated that the ELISPOT assay might discriminate aGVHD from CMV infection. Recipient seropositivity for CMV, which has been reported as a prognostic factor [23] , was 67% (33/49) and 70% (22/31) in grade 0 aGVHD and grade I-IV aGVHD, respectively (Table 1 ). In the group of grade I-IV aGVHD, the mean numbers of IFN-Ȗ SFCs with negative (sample number = 31) or positive (n = 14) CMV antigenemia were 29.5 r 20.8 and 26.3 r 35.1 SFCs/50,000 PBMCs, respectively. These were significantly higher than the group of grade 0 aGVHD, irrespective of negative (n = 128; 3.7 r 2.6 SFCs/50,000 PBMCs) or positive antigenemia (n = 23; 3.5 r 2.6). Similarly, in the group of grade I-IV aGVHD, the mean numbers of IL-4 SFCs with negative (n = 31) or positive (n = 14) CMV antigenemia were 19.1 r 12.5 and 18.5 r 16.3 SFCs/50,000 PBMCs, respectively. These were significantly higher than the group of grade 0 aGVHD, irrespective of negative (n = 115; 5.9 r 7.6 SFCs/50,000 PBMCs) or positive antigenemia (n = 23; 7.1 r 10.5). These results indicate that enumeration of IFN-Ȗ and IL-4 SFCs may discriminate aGVHD from systemic CMV infections (Figure 4) . 
Discussion
In this study, we demonstrated that the ELISPOT assay might be useful for diagnosis and monitoring of aGVHD after HSCT. The assay reflects in vivo immune status since this assay does not require in vitro expansion or activation of specific T cells before testing. Our results demonstrated that the numbers of IFN-Ȗ and IL-4 SFCs in patients with grade II-IV aGVHD were significantly higher than those in patients with grade 0 and/or I aGVHD. These results suggested that not only type 1 cells but also type 2 cells are involved during aGVHD, regardless of whether the type 2 cells promote or suppress the disease. This study has also shown that enumeration of IFN-Ȗ and IL-4 SFCs may discriminate aGVHD from CMV infections. Thus, the ELISPOT assay may be an efficacious method for evaluating aGVHD.
Acute GVHD is the major complication after HSCT [24] . It has been postulated that cytokines produced by type 1 cells would augment the T-cell responses against the host, thereby leading to greater aGVHD in the recipients [3] . Type 2 cytokines can inhibit the production of proinflammatory cytokines [24] . Clinical and preclinical data tend to support this phenomenon [25] . However, some preclinical models have demonstrated protective effects of type 1 cytokines in aGVHD, although the timing, dose, route of administration, and the murine strain combination may be critical in determining their effect [26] . Moreover, as with the type 1 cytokines, there have been conflicting reports demonstrating that type 2 cytokines can worsen the outcome of aGVHD [27] . Therefore, with regard to the type 1/type 2 paradigm, it is not yet determined whether a particular pathway is protective or deleterious for aGVHD. In the current study, both type 1 (IFN-Ȗ) and type 2 (IL-4) SFCs were involved in aGVHD following HSCT (Figure 1) .
IL-10, encoded by the IL10 gene, is a known anti-inflammatory cytokine. Lin et al. described the association between the recipient's IL-10 promoter polymorphism and the risk of aGVHD [9] . IL-10 could reduce immune responsiveness and suppress aGVHD [28] . In the current study, there was no significant correlation between the number of IL-10 SFCs and activity of aGVHD, although IL-10 SFCs in patients with aGVHD, regardless of the severity, increased at 3 and 6 months after HSCT. Therefore, these results might be reflective of the regulatory function of IL-10 because IL-10 production may not be in parallel with aGVHD.
Recently, it has been clearly shown that a newly identified subset of IL-17-producing CD4 + T-cells, named Th-17 cells [29] , play a crucial role in orchestrating the immune reactions that trigger inflammation [30] . Dander et al. reported that an increased Th17 population of peripheral blood was observed in patients with aGVHD [31] . In the current study, the number of IL-17 SFCs was not increased in patients with or without aGVHD although PMA-activated PBMC controls were used for verifying the assay. These data do not contradict the previous data. Unlike our report using unstimulated cells for the ELISPOT assay, Dander's report used the cells stimulated with PMA and ionomycin prior to the ELISPOT assay and unstimulated cells were used as negative controls.
There is a possibility that the numbers of cytokine SFCs are affected by immunosuppressive drugs, including cyclosporine A, tacrolimus, methotrexate, and corticosteroid for prophylaxis and/or treatment of aGVHD. In fact, most of our patients (86%) with grade I-IV aGVHD were placed on one or more of these immunosuppressants when cytokine SFCs were examined. However, these immunosuppressants do not affect the balance between type 1 and type 2 cells [32, 33] . Therefore, the current in vitro data reflected the in vivo immune status without skewing the type 1/type 2 balance by immunosuppressants used.
Infection also affects type 1 and/or type 2 cytokine productions. CMV infection is able to trigger IFN-Ȗ and IL-4 response [34] and elicit potent memory responses in chronically infected immunocompetent hosts [35] . However, impaired CMV-specific immunity may persist in the first 100 days after HSCT [36, 37] . In the current study, we could not detect the elevation of IFN-Ȗ and IL-4 SFCs in patients with CMV infection without aGVHD (Figure 4) . Thus, the ELISPOT assay can discriminate aGVHD from systemic CMV infection.
As for the surface phenotypes (type 1, type 2, regulatory T-cell type, and Th-17 cell type) of SFCs in the current study, we did not determine cell types partly because the available cell number was limited. Nevertheless, SFCs are likely to contain predominantly CD8 + T cells at the times when SFCs were examined, since the normalization of CD8 + T cells is more rapid than that of CD4 + T cells. Total T cells and CD4 + T cells are characteristically low in numbers until between 6 and 12 months post-transplant, while CD8 + T cells return quickly to normal range and often remain elevated long term post-transplant [38] . It has been reported that CD8 + T cells produce IFN-Ȗ, IL-4, and IL-10 [39, 40] . Therefore, it is likely that SFCs containing CD8 + T cells produced these cytokines, although CD4 + T cells (especially regulatory T cells), natural killer cells, mast cells, monocytes, and macrophages may also participate in cytokine production.
Conclusions
The enumeration of cytokine SFCs is readily available and a valuable clinical aid in the evaluation of HSCT patients, especially when complicated with systemic infections in the posttransplant period. IFN-Ȗ and IL-4 SFCs may help to discriminate aGVHD from systemic infections. Larger studies are needed to confirm the current findings.
